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1. Introduction {#sec1}
===============

Genetic variation within and among natural populations is important for the species future adaptive changes and evolution ([@bib10], [@bib11]). Knowledge of genetic variation of endangered species can provide critical information needed to understand the evolutionary history of populations and identify short- or long-term risks for the species ([@bib1]). Knowledge of extent and structure of genetic variation of endangered species is essential for designing efficient conservation practices ([@bib19], [@bib17], [@bib18], [@bib46]).

The genus *Craigia* W. W. Smith & W. E. Evans (Tiliaceae) was widespread throughout the Northern Hemisphere, and abundant across Europe, North America and East Asia during the Tertiary period ([@bib21], [@bib24]), but only two *Craigia* species existed in modern time: *C. yunnanensis* W. W. Smith & W. E. Evans (distributed in southern China and northern Vietnam), and *Cragia kwangsiensis* H. H. Hsue (endemic to China). In the IUCN (International Union for Conservation of Nature) Red List, *C. yunnanensis* is listed as 'endangered' (<http://www.iucnredlist.org/details/32335/0>) and *C. kwangsiensis*is listed as 'critically endangered' (<http://www.iucnredlist.org/details/32395/0>). *C. kwangsiensis* known only from type and not found in the wild since 1975 apparently got extinct due to deforestation ([@bib41]). *C. yunnanensis* is a deciduous canopy tree occupying limestone mountainous forests. As a result of deforestation most of the species habitat was destroyed and the remaining habitat is severely fragmented. Survey and mapping of the remaining populations is the first step of a conservation program to prevent extinction of this species, followed by a carefully designed action plan ([@bib4], [@bib43]).

Based on all the available information and our extensive survey of the natural habitats of *C. yunnanensis*, six small, remnant populations were located in Yunnan province ([@bib14]). No material could be found in Guizhou or Guangxi, indicating that the species may already be extinct in these provinces. Its status in Vietnam is currently unknown due to travel restrictions and logistical limitations. The survey also revealed that in order to grow economically important plants such as tea, *Amomum tsaoko* and *Cunninghamia lanceolata*, locals chop down *C. yunnanensis* or change its habitat into farmlands. Facing a very high risk of extinction, *C. yunnanensis* is now listed as a plant species with extremely small populations of China (PSESP) in the national-level *Implementation Plan of Rescuing and Conserving China\'s PSESP* (2010--2015). A conservation strategy focusing on PSESP and aimed at rescuing the most endangered plants was approved by the Chinese government in 2009 ([@bib31], [@bib38]). Conservation of *C. yunnanensis* based on this strategy must include seed collection, seedling propagation, ex-situ conservation at the Kunming Botanical Garden (KBG) and reintroductions.

Knowledge of extent and structure of genetic variation in *C. yunnanensis* may have important implications for management of the species germplasm collection, in-situ/ex-situ conservation and later reintroduction ([@bib20], [@bib27], [@bib42], [@bib47]). This analysis is a preliminary step for selecting breeding material and establishing conservation strategies for *C. yunnanensis*. Here, we use AFLP (amplified fragment length polymorphism) to study extent and structure of genetic variation in *C. yunnanensis*. AFLP is commonly used in population genetic studies of rare and endangered species ([@bib3], [@bib22], [@bib34]). The results of this study can be useful for setting an appropriate conservation strategy for *C. yunnanensis*.

2. Materials and methods {#sec2}
========================

2.1. Study species and sampling {#sec2.1}
-------------------------------

*C. yunnanensis* ([Tiliaceae]{.ul}) is a deciduous canopy tree. It is a predominantly outcrossing with partial self-compatibility species. The major pollinator is a blowfly (*Chrysomyia megacephala*). The flowering time is from middle August to late September. Fruit of *C. yunnanensis* is samara containing about 6 seeds (around 34 mg per seed). Upon maturation in early December, the fruits are dispersed by wind and gravity. On the bare soil, the seeds could germinate easily. The experiments ([@bib14]) showed that for some populations, germination capacity in canopy gaps was significantly higher than that in closed canopy, indicating that canopy removal might promote regeneration from seed. Small seedlings and resprouts are abundant but very few of them reach the sapling stage.

Sampling was done in six populations representing two disjunct regions of Yunnan province, China ([Fig. 1](#fig1){ref-type="fig"}). Four populations, W-FD (Fadou county), W-LH (Lianhuatang town), W-ML (Malipo county) and W-MG (Maguan county), are from Wenshan prefecture (south-eastern Yunnan); two populations, D-JD (Jiangdong town) and D-HG (Huguo town) are from Dehong prefecture (south-western Yunnan). Wenshan and Dehong are more than 600 km apart. Locality information of the six wild populations is provided in [Table 1](#tbl1){ref-type="table"}. The number of reproductive individuals in each population was counted and in total 105 reproductive individuals were sampled ([Table 1](#tbl1){ref-type="table"}). There were only 11 reproductive individuals in the W-MG population, and 10 of them were sampled for the AFLP analysis.Fig. 1The geographic locations of six studied *C. yunnanensis* populations. Numbers correspond to the population codes in [Table 1](#tbl1){ref-type="table"}.Fig. 1Table 1The locality information of the six populations of *C. yunnanensis* examined in the AFLP analysis.Table 1Population codeLocationsSample sizeLatitudeLongitudeAltitudePopulation size[a](#tbl1fna){ref-type="table-fn"}W-FD (1)Fadou county2023°22′104°46′146189W-LH (2)Lianhuatang town2023°09′104°51′1460151W-ML (3)Malipo county2023°11′104°43′1449125W-MG (4)Maguan county1023°03′104°15′141011D-JD (5)Jiangdong town1524°31′98°22′1694106D-HG (6)Huguo town2024°33′98°03′1696173[^2]

2.2. AFLP analysis {#sec2.2}
------------------

Total genomic DNA was extracted using a modified CTAB method ([@bib5]). AFLP analysis was performed following [@bib44] with minor modifications. 200 ng samples of genomic DNA were digested with *Eco*RI and *Mse*I (New England Biolabs), followed by ligation of appropriate adapters. Pre-selective PCR amplifications were performed using the primer pair *Eco*RI + 1 and *Mse*I + 1. For selective PCR amplification, three *Eco*RI + 3/*Mse*I + 3 primer combinations (*E*-ACR/*M*-CAG, *E*-ACA/*M*-CAG and *E*-AAG/*M*-CTC) were chosen among 64 selective primer pairs available from Perkin--Elmer AFLP Selective Amplification Start-Up Module. PCR products were separated on a 6% poly acrylamide gel (acrylamide:bisacrylamide = 19:1) and stained using the silver nitrate method.

2.3. Data analysis {#sec2.3}
------------------

AFLP bands between 100 and 500 bp in the poly acrylamide gels were scored manually as present (1) or absent (0), and transformed into a binary data matrix. The following genetic diversity parameters were calculated using POPGENE version 1.31 ([@bib48]): the percentage of polymorphic loci (PPL), expected heterozygosity (*H*~E~) and Shannon\'s information index (*I*~S~ = −*P*~i~log~2~P~i~) ([@bib26]). The relationship between population size (the number of reproductive individuals detected in each population, [Table 1](#tbl1){ref-type="table"}) and genetic diversity (estimated as PPL, *H*~E~ and *I*~S~) was analyzed via Pearson\'s product moment correlation using SPSS statistical package version 15.0 (SPSS, Inc., Chicago, IL, USA).

Nei\'s genetic distance between populations ([@bib33]), the coefficient of genetic differentiation (*G*~ST~) and gene flow (*N*m) were also estimated in POPGENE and a dendrogram was constructed from Nei\'s genetic distance with the unweighted pair-group method of averages (UPGMA) using the TFPGA software version 1.3 ([@bib32]). Using the same software, a Mantel test was performed to calculate the correlation between the Nei\'s genetic distance and geographical distances. Analysis of molecular variation (AMOVA) within/among populations and between geographic regions was calculated using Arlequin 3.1 ([@bib7]). The Bayesian clustering program STRUCTURE ([@bib35]) was used to estimate proportion of ancestry in each of the clusters identified. The analysis used the admixture ancestry model with independent allelic frequencies. A burn-in period of 10,000 and a run length of the Monte Carlo Markov Chain (MCMC) of 10,000 iterations were performed with 10 replicates for each *K* ranging from one to seven. The STRUCTURE Harvester ([@bib6]) was conducted to determine the most likely number of genetic groups (*K*) according to the Δ*K* and Mean LnP (K) ([@bib8]).

3. Results {#sec3}
==========

3.1. Genetic diversity {#sec3.1}
----------------------

From three AFLP primer combinations, a total of 185 bands ranging from 100 to 500 bp were produced across the 105 individual samples from six populations, of which 128 were polymorphic (69.19%). Genetic diversity parameters are presented in [Table 2](#tbl2){ref-type="table"}. AFLP analysis showed that the percentage of polymorphic loci (PPL) ranged from 16.22% in population W-MG to 35.14% in population W-LH. The expected heterozygosity (*H*~E~) and Shannon\'s information index of diversity (*I*~S~) of the species level were 0.221 and 0.333, respectively. Across the six populations, W-MG had the lowest diversity (PPL = 16.22%, *H*~E~ = 0.066, *I*~S~ = 0.095), and the W-LH had the highest (PPL = 35.14%, *H*~E~ = 0.133, *I*~S~ = 0.195).Table 2Genetic diversity parameters of six populations.Table 2RegionPopulationNPPL (%)*H*~E~*I*~S~*G*~ST~*N*mWenshanW-FD2030.810.1110.163W-LH2035.140.1330.195W-ML2029.190.1000.149W-MG1016.220.0660.095Pooled7052.430.1610.2450.3670.863DehongD-JD1521.080.0690.103D-HG2024.860.0890.132Pooled3534.050.0960.1490.1662.506Population average1826.220.0950.140Species-level value10569.190.2210.3330.5750.369[^3]

The regional diversity estimates for Wenshan were higher than that for Dehong (PPL = 52.43%, *H*~E~ = 0.161, *I*~S~ = 0.245, vs. PPL = 34.05%, *H*~E~ = 0.096, *I*~S~ = 0.149, respectively). There was no significant relationship between population size and any estimate of genetic diversity.

3.2. Population structure {#sec3.2}
-------------------------

AMOVA revealed slightly higher genetic variation within populations (25.36%) than that of among populations (17.05%), while most of the variation was between the two regions of Wenshan and Dehong (57.59%). Similarly, within populations, among populations and among regions *G*~ST~ was 0.16, 0.37 and 0.57, respectively. The cluster dendrogram produced using Nei\'s genetic distance values revealed two distinct clusters corresponding to the two regions ([Fig. 2](#fig2){ref-type="fig"}). The Mantel tests detected a significant relationship between genetic and geographic population distances (r = 0.939, p = 0.017) ([Fig. 3](#fig3){ref-type="fig"}). Bayesian clustering for six populations was consistent with the results of UPGMA analyses and revealed virtually no admixture not only between the two regions, but also among the populations within regions ([Fig. 4](#fig4){ref-type="fig"}). The greatest informative representation of genetic structure was achieved with *K* = 2 (Δ*K* = 436 and Mean LnP(K) = −3785).Fig. 2UPGMA dendrogam based on Nei\'s unbiased genetic distance among six populations of *C. yunnanensis*.Fig. 2Fig. 3Correlation between geographical distance and Nei\'s genetic distance revealed by the Mantel test.Fig. 3Fig. 4Model-based ancestry for each individual assuming admixture: S1, six populations from two regions with K = 2; S2, two populations from Dehong region with K = 2; S3, four populations from Wenshan region with K = 4.Fig. 4

4. Discussion {#sec4}
=============

4.1. Genetic diversity and variation {#sec4.1}
------------------------------------

Our derived estimate of *H*~E~ = 0.221 is close to the average values presented in a review of available AFLP studies by [@bib34] for plants with long life spans (*H*~pop~ = 0.25), mixed breeding systems (*H*~pop~ = 0.18) and dispersal of seeds by gravity (*H*~pop~ = 0.19). A study using AFLP data to investigate the genetic diversity in *Tilia amurensis* (Tiliaceae), a national second-class protected plant in China, and also a woody deciduous species, showed *H*~E~ = 0.21 and *I*~S~ = 0.34 ([@bib45]), which differed little from our estimates for *C. yunnanensis* (*H*~E~ = 0.221 and *I*~S~ = 0.333). These comparisons suggest that *C. yunnanensis* exhibit moderate genetic diversity at the species level but low genetic diversity at the population level (population average: *H*~E~ = 0.095 and *I*~S~ = 0.140) and in the two separate regions (Wenshan region: *H*~E~ = 0.161 and *I*~S~ = 0.245; Dehong region: *H*~E~ = 0.096 and *I*~S~ = 0.149).

The breeding system of *C. yunnanensis* is predominant outcrossing with partial self-compatibility, and the artificial geitonogamous pollination resulted in a fruit set of 33.33% ([@bib13]). The main effective pollinator is a blowfly (*C. megacephala*). The blowflies generally make long visits visiting several flowers on the same tree ([@bib13]), and fly only short distances (less than 100 m in a human-modified landscape, [@bib37]). Though the fruit of *C. yunnanensis* has narrow wings allowing its dispersal by wind, the dispersal distance, by our observation, is not longer than 50 m. Combined limited pollen/seed dispersal ability and isolation of individuals, small sized populations of *C. yunnanensis* can suffer from Alee effect, i.e. low pollinator visitation rate and increased selfing, inbreeding and genetic drift, which will result in decrease of genetic variation ([@bib2], [@bib49]). However, the correlation between decreased population size and lower genetic diversity was weak, suggesting that the decline of population size is likely to have a recent anthropogenic cause. The possible reason is that the longevity of woody perennials may have buffered against the deleterious genetic consequences of the recent population size reductions ([@bib23], [@bib28]).

4.2. Population genetic structure {#sec4.2}
---------------------------------

Various evolutionary processes, such as geographic isolation, limited seed/pollen dispersal and habitat fragmentation, can have important impact on population genetic structure ([@bib29], [@bib40], [@bib12], [@bib15]).

*Craigia* occurred in the past throughout the Northern Hemisphere from the early Palaeogene ([@bib25]). During the Eocene global warming, *Craigia* rapidly expanded its range across North America, Spitzbergen, East and Central Asia, and it had reached its modern distribution center in South China no later than in the early late Eocene ([@bib21]). Today, as a relic of the genus, *C. yunnanensis* occurs only in southern China (Yunnan province) and Northern Vietnam (Tonkin) in broad-leaved evergreen and deciduous mixed forests and seasonally wet forests on limestone ([@bib24]).

Although our study revealed strong genetic differentiation among populations within regions, a differentiation between the Wenshan and Dehong regions was even stronger. The estimates of *G*~ST~ at the species level were higher than the average values for the species with similar characteristics ([@bib34]). The distance between Wenshan and Dehong regions is around 600 km, which hardly allows gene flow between these regions. Taking into consideration that *C. yunnanensis* is a relic species that survived only in refuges, it seems that the two regions became isolated long time ago and their genetic identity was maintained over time.

In rare and endangered plants, a high degree of among-population genetic differentiation is a commonly observed pattern ([@bib16], [@bib17], [@bib18]). Genetic admixture even among geographically close populations was found to be close to zero. Both, distance-limited pollen flow and short-distance seed dispersal appear to contribute to the strong genetic differentiations among the populations (see above). From our observation, when undisturbed, one *C. yunnanensis* tree can produce thousands of seeds per fruiting season, but most of the seedlings and resprouts are found around the fruiting trees.

4.3. Conservation implications {#sec4.3}
------------------------------

In-situ conservation hardly has an alternative as a way to conserve endangered plants. Of the six populations studied, population W-ML is located in the buffer area of Laoshan provincial nature reserve and the habitat is relatively intact. This nature reserve was established in 2002, and two ethnic villages are located near this population. Although chopping down trees are strictly prohibited and cutting or coppicing are not observed, human disturbance through growing *A. tsaoko* under the *C. yunnanensis* trees is common. Also the bark girdling on one individual of *C. yunnanensis* was observed. Many seedlings were found growing under *Amomum* but they get eradicated by locals during weeding. Situation with the other five populations is even more troublesome because they are all located near human settlements in the private-owned forests or beside the roads and farmlands. In all these populations the regrowth sprouts from stumps were found indicating logging and cutting. In W-LH and D-JD populations located in private-owned forests, felling *C. yunnanensis* trees (among other species) to make space for growing tee and timber was observed. The local people told that when the trees of *C. yunnanensis* hinder the growth of economic plants, they chop them down. All the above makes the protection of the existing populations very problematic. We can suggest the following. First, all the reproductive adults in these populations must be designated as strictly protected national heritage trees, and used as mother trees for seed collection. Second, if the current interference between the local human activities and regeneration in populations of *C. yunnanensis* can not be resolved in favor of *C. yunnanensis*, ready germination of seeds and development into seedlings under *Amomum* should be used as an opportunity of propagating material for relocation actions. These wildlings can be dug out and transplanted into suitable protected habitats ([@bib36], [@bib43]).

The population genetic characteristics of *C. yunnanensis* can be summarized as low within-population genetic diversity and high differentiation among populations. Considering that only six populations and fewer than seven hundred individuals still exist in China, all extant populations must be ex-situ conserved. In 2015, we collected seeds from six populations and produced 700 seedlings in Kunming Botanical Garden (KBG). Other collecting missions followed by establishing permanent seed and adult plant collections in KBG and other botanical gardens, as well as designing a plan of *C. yunnanensis* relocation is underway.

To conclude, this study indicated large differentiation between the populations of Dehong and Wenshan, thus germplasm from the two regions should not be mixed and used separately. Crosses between these two regions must be prevented because of the high risk of outbreeding depressions ([@bib30], [@bib9], [@bib39]). For this purpose, planting of trees from both regions in the same ex-situ site is undesirable (as already accepted by the stakeholders of the two ex-situ conservation sites in Dehong and Maguan). The plants maintained in KBG will be carefully separated by regional origin, kept in different greenhouses, and might be used in further experiments testing for outbreeding depressions. To increase intra-population genetic diversity, introduction of individuals from other populations from the same region is recommended.
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